Ubiquilin4 (Ubqln4), a member of the UbL-UBA protein family, serves as an adaptor in the degradation of specific substrates via the proteasomal pathway. However, the biological function of Ubqln4 remains largely unknown, especially in cancer. Here, we reported that Ubqln4 was downregulated in gastric cancer tissues and functioned as a tumor suppressor by inhibiting gastric cancer cell proliferation in vivo and in vitro. Overexpression of Ubqln4-induced cellular senescence and G1-S cell cycle arrest in gastric cancer cells and activated the p53/p21 axis. Moreover, Ubqln4 regulated p21 through both p53-dependent and p53-independent manners. Ubqln4 interacted with RNF114, an E3 ubiquitin ligase of p21, and negatively regulated its expression level, which in turn stabilized p21 by attenuating proteasomal degradation of p21. These effects of Ubqln4 were partly abrogated in gastric cancer cells upon silencing of p21. Our findings not only establish the anti-tumor potential of Ubqln4 in gastric cancer but also reveal a role for Ubqln4 in regulation of the cell cycle and cellular senescence via stabilizing p21.
The UbL-UBA Ubiquilin4 protein functions as a tumor suppressor in gastric cancer by p53-dependent and p53-independent regulation of p21 
Introduction
Gastric cancer (GC) is the fifth most common cancer and the third main cause of cancer mortality [1] . Systemic chemotherapy is the standard treatment for patients with advanced GC; however, the effectiveness is low, with a median survival of 6-11 months [2] . Alterations in several genes, including ERBB2, PTEN, FGF, TP53, CDH1 and cMET genes, have been reported in GC, and a few are being pursued in the clinic [1] . However, better clarification of the underlying molecular mechanisms of GC can help guide new drug discovery. Ubqlns (Ubqln1-5 and UbqlnL) belong to the UbL-UBA protein family, which show diverse biological functions in protein degradation [3] [4] [5] and nucleotide excision repair (NER) [6] . Ubqlns contain an N-terminal ubiquitinlike (UbL) domain and a C-terminal ubiquitin-associated (UBA) domain. Some studies proposed a shuttle-factor method of function for UbL-UBAs, in which UbL-UBA proteins bind ubiquitinated proteins and the proteasome via the UBA and UbL domains, respectively [7] . These proteins can thus facilitate or reduce protein degradation depending on interactions with different substrates [7] and also participate in proteasomal degradation [4, [8] [9] [10] . The Ubqln substrates show great diversity and impact a wide range of cellular functions. Ubqln1 displays anti-apoptotic potential in lung cancer cells by stabilizing Bcl-B, a Bcl-2 family protein [11] ; Ubqln2 increases p53 levels by interfering with ubiquitin-mediated degradation of p53 in a UBA domain-dependent manner [4, 9] .
Increasing research has uncovered roles for Ubqlns in human cancer. The Ubqln1 gene is lost or under-expressed in many human cancer cell lines [12] , and Ubqln1 was reported to be involved in many types of cancers, including breast cancer [13] and lung cancer [12] . In addition, loss of Ubqln1 or Ubqln2 can induce migration, invasion, and epithelial-mesenchymal transition in non-small lung cancer cells [12] .
Ubqln4 exhibits common properties of Ubqlns [14] and acts as an adapter that recruits Ubqln1 to the autophagy machinery. The direct association between Ubqln4 and protein light chain 3, an autophagosomal marker, is essential for the maturation of autophagosomes to autolysosomes by mediating autophagosome-lysosome fusion [15] . Ubqln4 is also indispensable for the interaction between the proteasome and connexin43 (Cx43), which is critical for gap junction intercellular communication. Dysregulation of Cx43 and gap junction intercellular communication is involved in several human diseases, such as cancer [16] and heart disease [17] . Ubqln4 also links ataxin-1 to the ubiquitin-proteasome pathway in spinocerebellar ataxia type 1 [18] . Together this shows that Ubqlns may have critical roles in human disease.
p21, a member of the CIP/Kip family of cyclindependent kinases, is a well-known cell cycle inhibitor that induces cell cycle arrest at the G1/S transition by inhibition of CDK4, 6/cyclin D [19, 20] . The level of p21 is determined by multiple mechanisms at the transcriptional, translational and posttranslational levels [21, 22] . p21 is transcriptionally regulated by p53 [23] and can also be regulated in p53-independent way [24] . Several E3 ubiquitin ligase complexes, such as RNF114 [25] , SCFSkp2 [26] , and MKRN1 [27] negatively regulate p21 stability by triggering p21 ubiquitination and subsequent degradation. p21 can also be stabilized by interactions with proteins that prevent its ubiquitin-independent degradation [28, 29] .
Here we examined the biological function and mechanisms of Ubqln4 in GC. We demonstrated that Ubqln4 was downregulated in human GC tissues and inhibited tumorigenesis in vitro and in vivo. Ubqln4 regulated p21 levels not only through p53-dependent mechanisms, but also through a p53-independent pathway by binding to RNF114, an E3 ubiquitin ligase of p21. Our study establishes a novel tumor-suppressive function for Ubqln4 in GC that involves regulation of p21 through multiple pathways.
Results

Ubqln4 expression is significantly decreased in GC tissues
We first examined the expression level of Ubqln4 in 94 pairs of GC and paired adjacent normal tissues using immunohistochemistry. Ubqln4 expression was evaluated and scored by two pathologists. Both tumor and normal mucosa tissues showed positive and negative staining of Ubqln4 (Fig. 1) . To precisely evaluate Ubqln4 expression in GC tissues, we evaluated Ubqln4 expression as described in Methods [30] . The positive rates of Ubqln4 in normal gastric mucosa and GC tissues were 38.3% and 23.4%, respectively ( Table 1 ). The Wilcoxon rank-sum test confirmed a statistically significant lower expression of Ubqln4 in GC tissues compared with normal tissues (P < 0.05). We also examined the relation between Ubqln4 expression level and the clinicopathological characteristics of patients from whom tissue samples were derived. However, no correlation between Ubqln4 expression level with lymph node invasion, distal metastasis, tumor size, or TumorNode-Metastasis (TNM) stage was observed (Supplementary Table S1 ).
Overexpression of Ubqln4 significantly suppresses GC cell growth in vivo and in vitro
To investigate the role of Ubqln4 in GC, we generated Ubqln4 lentivirus and established stable Ubqln4-expressing cell lines in MKN45 and BGC-823 GC cells. Elevated Ubqln4 expression in the stable cell lines was confirmed by western blot (Supplementary Fig S1A) . MTT and colonyformation assays showed that both MKN45 and BGC-823 stable cell lines overexpressing Ubqln4 exhibited significantly inhibited cell growth and colony-formation activities compared with control cells (Fig. 2a, b) . The suppressive function of Ubqln4 on cell proliferation was further examined using tumor growth assays. Xenograft tumors from MKN45 stable cell lines overexpressing Ubqln4 had smaller mean tumor volume and weight compared with tumors from control cells (Fig. 2c, d ). Together these data indicated that Ubqln4 functions as a tumorinhibiting factor and negatively regulates gastric tumor growth.
Ubqln4 inhibits G1-S transition of cell cycle and induces cellular senescence
Interestingly, during cell culture of the MKN45 and BGC-823 stable cell lines overexpressing Ubqln4, we observed changes in cellular morphology; the cells became larger and flattened, which is a typical sign of cell senescence. We thus next performed senescence-associated β-galactosidase (SA-β-Gal) staining to evaluate senescent cells. The proportion of senescent cells in the Ubqln4-expressing MKN45 and BGC-823 cell lines was higher (17.4% ± 0.89% and 20.6% ± 1.52%, respectively) compared with the control cells (0.34% ± 0.09% and 0.28% ± 0.04%, respectively; P < 0.001) (Fig. 3a) .
To elucidate the molecular mechanism by which Ubqln4 inhibits cell growth, we next investigated the effect of Ubqln4 on cell cycle distribution. GC stable cell lines overexpressing Ubqln4 exhibited an increase in G1 phase cells and a concomitant decrease in S phase cells and G2/M phase cells compared with the control cell lines (G0/G1: 80.11% ± 1.37% vs. 68.1% ± 0.4%, respectively; S: 15.59% ± 0.34% vs. 22.18 ± 0.83%; G2/M: 5.51% ± 0.16% vs. 9.81% ± 0.36%; P < 0.001) (Fig. 3b) . To further clarify the influence of Ubqln4 on the cell cycle, we used nocodazole, a microtubule depolymerizing agent [30] , to induce a G2/M phase arrest. We collected cells every 2 h and examined cell cycle distributions. Increased expression of Ubqln4 weakened the efficacy of nocodazole, which verified that Ubqln4-induced G1 phase arrest so that fewer cells could be arrested at G2/ M phase by nocodazole (Fig. 3c) . We also found that Ubqln4-overexpressing MKN45 cells displayed enhanced G1 arrest in response to various therapeutic agents, including camptothecin, etoposide and doxorubicin (Fig. 3d) . Moreover, increased expression of Ubqln4 in GES-1, a human immortalized normal gastric epithelial cell line revealed cell shrinkage and aggregation, which reflect the morphological changes of cell apoptosis (Supplementary Fig S1B) . Flow cytometry further showed a significantly higher percentage of Annexin V-positive cells in Ubqln4-overexpressing GES-1 cells compared with controls (13.1% ± 1.8% vs. 3.4% ± 1.1%) ( Supplementary Fig S1C) . Collectively, our data suggested that Ubqln4 expression-induced cell senescence, cell cycle arrest at G1 phase and apoptosis.
Gene expression profiles in MKN45 cells with overexpression and knockdown of Ubqln4
To gain more insight into the mechanism underlying the effects of Ubqln4 on GC cells, we performed DNA microarray assays and screened the differentially expressed genes (DEGs) resulting from overexpression and knockdown of Ubqln4 in MKN45 cells. A gene set of 778 upregulated genes and 678 downregulated genes were differentially expressed by Ubqln4 overexpression at a threshold of >1.5-fold changes. We further analyzed these genes and found that 450 genes were upregulated in the Ubqln4 overexpression group and concurrently downregulated in the Ubqln4 knockdown group (Supplementary  Table S2 ) and 424 genes were downregulated in the Ubqln4 overexpression group and upregulated in the Ubqln4 knockdown group (Supplementary Table S3) .
DEGs were subjected to Gene Ontology (GO) analysis of biological processes, and we observed enrichment on items focusing on DNA repair, cellular response to DNA damage stimulus, DNA synthesis involved in DNA repair and cell cycle checkpoint ( Supplementary Fig S2A) . From the perspective of Molecular Function, DEGs mainly focused on protein homodimerization activity, single-stranded DNA binding and DNA-directed DNA polymerase activity ( Supplementary Fig S2B) . Cellular Component Analysis, another aspect of GO analysis, showed that DEGs were mostly enriched on lysosome membrane, nucleoplasm and extracellular exosome ( Supplementary Fig S2C) . We next performed pathway analysis and found several KEGG pathways involved, including the metabolic pathway, p53 signaling pathway, and pathways in cancer and lysosome Stable MKN45 and BGC-823 cell lines were generated by infection with Ubqln4 or control lentiviruses for 24 h and screening in 2 μg/ml puromycin for 2 weeks. a Indicated cell lines were plated into 96-well plates and cell viability was examined every 24 h by MTT assay. Each point represents mean ± SD of duplicates (n = 8). Student's t-test; **P < 0.01, ***P < 0.001. b Colony-formation assay in MKN45 and BGC-823 stable cell lines expressing Ubqln4 compared with controls after 14 days of culture. Colony numbers in triplicates in three experiments were counted. Values are presented as mean ± SD. ***P < 0.001. c Xenograft tumors were established by injection of MKN45 cells stably expressing Ubqln4 compared with the controls (n = 5, group). Representative images of nude mice are shown. Tumor mass volume was every 4 days after injection. Measurements were repeated three times. Values are presented as mean ± SD. Student's ttest. **P < 0.01. d Images of tumor xenografts from the indicated groups. Tumor weight was measured after mice was killed at the 28th day. Values are presented as mean ± SD. Student's t-test. **P < 0.01 ( Supplementary Fig S2D) . Consolidating the above results, we found a close connection between Ubqln4 and the p53 signaling pathway. There were 11 DEGs, CDKN1A, CCNE2, FAS, PUMA, TP53I3, IGFBP3, PAI, SERPINB5, P53R2, SESN1, and MDM2 genes, in the p53 signaling pathway that were enriched.
We next examined the expression of 27 selected genes representing the p53 signaling pathway and other pathways Table S4 ) and highlighted the strong association between Ubqln4 and the p53 signaling pathway.
Ubqln4 is a positive regulator of the p53/p21 axis On the basis of the DNA microarray results, we next examined p53 expression. We found that p53 and p21 expression levels were markedly enhanced by Ubqln4 overexpression (Fig. 4b, c) , and more importantly, the p53 and p21 protein levels increased in parallel with progressively increasing Ubqln4 expression, suggesting that Ubqln4 positively regulates p53 and p21 in a dose-dependent way (Fig. 4b) . We constructed an Ubqln4 shRNA vector (Supplementary Fig S3A) and knocked down Ubqln4 in MKN45 Ubqln4-expressing stable cells; the expression level of p53 and p21 decreased as expected (Fig. 4c) . We further induced p53 expression in MKN45 cells using etoposide, a topoisomerase II inhibitor that causes double strand DNA breaks [31] , and found that the endogenous expression levels of p53, p21, and Ubqln4 were enhanced in MKN45 cells treated with etoposide in a dose-dependent manner (Fig. 4d) . Notably, we observed an increase in Ubqln4 levels before p53 and p21 increases in MKN45 cells after etoposide treatment. To determine whether this was a drug-specific response, we performed similar experiments using camptothecin, a topoisomerase I inhibitor. In contrast to etoposide treatment, we observed decreased Ubqln4, p53, and p21 levels following an initial increase in cells treated with various concentrations of camptothecin (Fig. 4e) . However, both results showed changes in Ubqln4 expression levels before p53 and p21 in cells suffering from DNA damage. These results suggest that during the DNA damage response, p53 and p21 may be regulated by Ubqln4.
Ubqln4 stabilizes p21 by inhibiting its degradation in a p53-independent manner
Our results showed that p53 and p21 expressions were influenced by Ubqln4. In addition to p53, p21 can also be regulated by other factors, such as TGFβ or mimosine in p53-independent manner [24] . We thus next evaluated whether Ubqln4 could regulate p21 independent of p53. We silenced p53 with or without overexpression of Ubqln4 in MKN45 cells. As expected, the expression level of p21 was decreased after p53 knockdown in MKN45 cells (Fig. 5a) ; however, overexpression of Ubqln4 in MKN45 cells with p53 knockdown still induced p21 levels. These data suggest that Ubqln4 regulates p21 levels through p53-dependent and p53-independent manners.
We speculated that Ubqln4 may regulate p21 levels through the ubiquitin-proteasome system. We thus used cycloheximide (CHX) to determine the half-life of endogenous p21 in MKN45 cells. The half-life of p21 was significantly prolonged by Ubqln4 overexpression in MKN45 cells (Fig. 5b) , supporting the notion that Ubqln4 enhanced p21 protein stability by inhibiting its degradation. Overexpression of Ubqlns can cause the dysregulation of protein degradation relying on their interaction with the proteasome and ubiquitinated substrates. Overexpression of Ubqln4 may cause protein accumulation simply because of a slowing of cellular proteasomal degradation rates rather than itself physiological function. To address this issue, we found that there are some other proteins, c-Myc and EZH2, which actually do not accumulate upon Ubqln4 overexpression. That means the effect of Ubqln4 on p21 is specific rather than non-specific ( Supplementary  Fig S3B, C) .
We next explored the molecular mechanism through which Ubqln4 inhibits p21 degradation by examining potential interacting proteins of Ubqln4. We isolated nuclear and cytoplasmic components and identified Ubqln4 interacting proteins by mass spectrometry (Supplementary  Table S5 ). In mass spectrometry results, we also found some proteins known to bind to Ubqlns, such as Ubqln1 and BAG, which validated the mass spectrometry experiment [15, 32] . Among the identified proteins, RNF114, which possesses E3 ligase activity for p21, attracted our attention. We performed co-immunoprecipitation assays in 293T cells and confirmed that Ubqln4 could bind to RNF114 (Fig. 5c ). Given our observation that Ubqln4 positively regulated p21 protein stability, we proposed that RNF114 would be the way through which p21 was affected by Ubqln4. In agreement with our hypothesis, we observed a negative correlation between Ubqln4 expression level and RNF114 levels in MKN45 and BGC-823 cells (Fig. 5d) . We further found that overexpression of RNF114 downregulated p21 and that RNF114 overexpression partly blocked the induction of p21 resulting from Ubqln4 expression (Fig. 5e) . The same results were found in BGC-823 cells. CHX assays demonstrated that Ubqln4 overexpression accelerated the rate of degradation of either endogenous or ectopic RNF114 protein ( Fig. 5f and Supplementary  Fig S3D) . Together these data suggested that in addition to its p53-dependent effects, Ubqln4 can also regulate p21 by negatively regulating the E3 ligase RNF114.
Effect of Ubqln4 on GC cells is mediated by p21
As a regulator of cell cycle and genomic stability, p21 is considered a tumor suppressor. On the basis of our results showing a tumor-suppressive influence of Ubqln4 on GC cells, we next evaluated whether the effects of Ubqln4 are mediated by p21. We constructed a lentivirus expressing p21 shRNA and confirmed effective knockdown of p21 ( Supplementary Fig S3E, F) . MTT assays showed that knockdown of p21 significantly, but not completely, abrogated the effect of Ubqln4 on GC cell viability (Fig. 6a) and colony-formation activities (Fig. 6b) . Additionally, compared with overexpression of Ubqln4 alone, knockdown of p21 markedly decreased the proportion of senescent cells (13.8% ± 1.53% in GFP-sh + Ubqln4 cells vs. 1.24% ± 0.56% in Ubqln4 + p21-sh-2 or 2.4% ± 0.60% in Ubqln4+p21-sh5 cells) (Fig. 6c) . These results confirmed that p21 is a mediator between Ubqln4 and its antioncogenic effects in GC cells.
Discussion
Several studies have been reported on Ubqln4; however, little is known about the function of Ubqln4 in cancer, especially in GC. Our study is the first to provide experimental evidence for Ubqln4 downregulation in primary GC tissues. We further demonstrated that the cellular mechanism of Ubqln4 is focused on the p53/p21 axis and that Ubqln4 functions as a positive regulator of the p53/p21 axis.
The p53 pathway is a significant tumor suppressor pathway that leads to cell cycle arrest, apoptosis or cellular senescence [33, 34] . Here, we revealed the close connection between Ubqln4 and p53 from multiple aspects. First, analysis of the gene expression profiles in GC cells after overexpression or knockdown of Ubqln4 indicate, to a large extent, the intersection of Ubqln4 regulated genes with p53-related biological processes and molecular functions, including DNA repair, cellular response to DNA damage stimulus, cell cycle checkpoint, and single-strand DNA binding, among others. Among DEGs, we identified 11 genes, CDKN1A, CCNE2, FAS, PUMA, TP53I3, IGFBP3, PAI, SERPINB5, P53R2, SESN1, and MDM2 genes, in the p53 signaling pathway that were enriched. We also detected an intensified G1 phase arrest response to DNA damage in Ubqln4-overexpressing GC cells treated with several wellknown DNA damaging agents, including camptothecin, etoposide, and doxorubicin, compared with control cells. These observations indicate that elevated Ubqln4 may amplify and enhance the p53 response to damage in inducing cell cycle arrest in these cells. Third, we observed a faster induction of Ubqln4 levels to camptothecin and etoposide compared with p53, indicating that Ubqln4 may regulate endogenous p53 expression levels. We speculate that p53 may be a key factor in the tumor suppressor function of Ubqln4 in GC.
In response to DNA damage, p21 expression is elevated through the activity of the p53 transcription factor [35] . In this study, we found that Ubqln4 regulated p21 levels in both p53-dependent and p53-independent manners. Our results showed that Ubqln4 is a positive regulator of p53, which results in increased p21 levels. Intriguingly, we found that p53 knockdown could not completely eliminate the increase in p21 level induced by Ubqln4 overexpression. We thus hypothesized that p21 was additionally regulated by Ubqln4 in a p53-independent manner. Consistent with a previous report, we found that p21 is an unstable protein with a half-life of about 20-60 min [29] . However, ectopically expressed Ubqln4 markedly prolonged the half-life of p21. This indicates a strong role for Ubqln4 in regulating the stability of p21. We identified RNF114 (ZNF313) as an Ubqn4-interacting protein using immunoprecipitation and mass spectrometry, and verified its interaction with Ubqln4. RNF114 is a newly reported E3 ligase for p21, which interferes with p21-mediated cell cycle inhibition and cellular senescence by promotion of p21 degradation [25] . Our results showed that Ubqln4 negatively regulated RNF114 expression levels. Together these findings suggest that the cell cycle inhibitor p21 is a downstream molecule of Ubqln4 that is regulated by diverse mechanisms.
Cell proliferation is essential for tumorigenesis, and substantial evidence has demonstrated that cellular senescence is a mechanism that can restrain cancer cell proliferation [36] . Consistent with this notion, we observed that overexpression of Ubqln4 dramatically suppressed GC cell proliferation in vivo and in vitro and elicited senescence. Senescence is often initiated by various stimulus associated with DNA damage, and the p53/p21 pathway is a significant tumor suppressor pathway that regulates senescence [37] . Senescence can be observed in tumor cells only 2 or 3 days after p21 is overexpressed [38] . These findings suggest that Ubqln4-induced senescence could be the consequence of activation of the p53/p21 axis. One of the hallmarks of cellular senescence is disrupted cell cycle progression, and senescent cells typically show G1 phase arrest [36] . Induction of p21 by p53 upon DNA damage results in inhibited cyclin E/CDK2 and G1/S transition [20] . In this study, overexpression of Ubqln4 caused a G1 phase arrest, which supported a tumor suppressor function of Ubqln4. Moreover, knockdown of p21, to some extent, but not completely, abolished the effect of Ubqln4 on GC cells, illustrating that the effect of Ubqln4 is partly dependent on p21. Interestingly, we also observed an induction of apoptosis in response to Ubqln4 overexpression in GES-1 cells. We speculated there may be some cell line-specific responses that contribute to the pro-apoptosis instead of senescence response. Activation of p53 tends to induce apoptosis in some types of cell lines, such as lymphocytes and transformed fibroblasts because of differences in the threshold for the onset of apoptosis in different cell types [39] . p53 also regulates the expression of many apoptosisrelated genes, including PUMA, NOXA, FAS, and APADF1 genes [40] .
The major finding of this study is that Ubqln4 acts as a tumor suppressor in the context of GC by inducing cell cycle arrest and senescence. Figure 7 presents the model of how Ubqln4 functions as a tumor suppressor. Overexpression of Ubqln4 on one hand activates the p53/p21 pathway, and on the other hand, it serves as a key regulator in modulating p21 stability via inhibiting ubiquitin ligase RNF114. Our data suggest that p53/p21 is at least partially responsible for the function of Ubqln4 in gastric tumorigenesis. However, we do not exclude other pathways of Ubqln4 in this sophisticated biological process.
Materials and methods
GC tissue microarray and immunohistochemistry
A 208-spot, paraffin-embedded, human GC tissue microarray (ST2084) containing 104 paired gastric tumor and adjacent gastric mucosa tissues was purchased from Alenabio (Xi'an, China). Immunohistochemical staining was performed as previously described [41] . On the basis of the previous report [42] , the immunoreactivity of Ubqln4 was scored in a semiquantitative way by incorporating both stain intensity and the percentage of positive tumor cells. Ubqln4 intensity was scored as 0 (no staining), 1 (weak staining), 2 (moderate staining), or 3 (strong staining). The percentage of positive cells was scored as 0 (no positive cells), 1 (<10%), 2 (10-50%), or 3 (>50%). The final score was obtained by multiplying the score of intensity by the score of the percentage of positive cells. Cases with a score of ≤1 were considered negative (−). Cases with higher scores were considered positive and further classified as follows: weak positive cases (+) with a final score of 2-3, moderate positive cases (++) with a final score of 4-6 and strong positive cases (+++) with a final score of 7-9. Sections were evaluated independently by two pathologists and a final agreement was acquired for each score. Among total samples, 20 samples were excluded because of gastritis diagnosed by pathologists.
Cell culture and plasmid construction GC cell lines MKN45 and BGC-823, human immortalized normal gastric epithelial GES-1 cells, human embryonic kidney epithelial 293T cells, and human cervical cancer HeLa cells were purchased from the Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China) and maintained in Dulbecco's Modified Eagle Media (HyClone, Utah, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 IU/ml penicillin and streptomycin at 37°C in a humidified atmosphere containing 5% CO 2 . The Ubqln4/RNF114 cDNA was kindly provided by Dr. Jiahuai Han and was cloned into the pLVX-Puro vector with an N-terminal flag/HA tag. Four shRNA sequences for Ubqln4 and negative control shRNA were cloned into pSIH1-H1-Puro lentiviral vectors. The Ubqln4, p21, and p53 shRNA sequences were as follows:
Ubqln4-shRNA1: 5′-GGTCAGGGATGTTCAATAG-3′ Ubqln4-shRNA2: 5′-CAATAACCCTGAACTCAT G-3′ Ubqln4-shRNA3: 5′-CGACTTTGCTGCTCAGATG-3′ Ubqln4-shRNA4: 5′-GAGCCTCGGTCAAGGAGTT-3′ p21-shRNA1: 5′-AGCGATGGAACTTCGACTTT-3′ p21-shRNA2: 5′-GTCTCAGTTTGTGTGTCTTAAT-3′ p21-shRNA3: 5′-AGCCGCGACTGTGATGCGCTAA-3′ p21-shRNA4: 5′-GGCTGATCTTCTCCAAGAGGAA-3′ p21-shRNA5: 5′-CTGTCACAGGCGGTTATGAAAT-3′ p53-shRNA: 5′-GACTCCAGTGGTAATCTAC-3′ GFP-shRNA: 5′-CGAGAAGCGCGATCACATG-3′
Lentivirus production and stable cell lines
Lentiviruses were produced by co-transfection of 293T cells with the lentiviral vector pLVX-Puro-containing Ubqln4/RNF14/Ubqln4-sh/p21-sh/p53-sh, and packaging vectors psPAX2 and pMD2.G with X-tremeGENE HP DNA transfection reagent (Roche, Switzerland) according to the manufacturer's instructions. At 48 h post-transfection, lentiviral supernatant was collected and filtered. To 
MTT assay and colony-formation assay
Cells were plated into 96-well plates at a density of 1500 cells per well for MTT (n = 8) or six-well plates with 200-800 cells/well for colony-formation assay. For MTT, cell viability was examined every 24 h after seeding. Briefly, cells were incubated with 20 μl of MTT solution (5 mg/ml, Sigma, USA) combined with 90 μl DMEM at 37°C for 4 h. The medium was aspirated and 150 μl of dimethyl sulphoxide (DMSO) was added to each well and absorbance at 492 nm was measured on a microplate spectrophotometer. All MTT assays were repeated three times. For colony formation, cells were cultured with complete medium for 10-14 days. Then, cells were fixed with 4% paraformaldehyde and stained with Giemsa solution. Visible colonies were counted. Each well was assessed in triplicate.
In vivo tumorigenesis
BALB/c male nude mice were obtained from Beijing HFK Bioscience (Beijing, China). Cell suspensions (1 × 10 6 cells in 0.1 ml PBS) were subcutaneously injected into the dorsal right flank of mice (n = 5 per group) aged 4 weeks of age. The longest and shortest diameters of tumor masses were measured every 4 days for 28 days and then mice were killed. Tumor volume was calculated as follows: volume (mm 3 ) = (shortest diameter) 2 × (longest diameter) × 0.5 [43] . After tumor excision, tumor weight was recorded. Care of animals and all animal-related experiments were performed according to the institutional and national guidelines for animal experiments.
Senescence-associated β-galactosidase activity assay Cells were seeded in 24-well plates at a density of 5000 cells/well 1 day before analyses. β-galactosidase activity was determined using a senescence cell histochemical staining kit (Cat. CS0030, Sigma-Aldrich, USA) according to the manufacturer's recommendations. Senescent cells were counted under the microscope. Each sample was assayed in triplicate.
Flow cytometric analysis
For cell cycle analysis, cells were harvested, washed with PBS and fixed in 75% ethanol at −20°C overnight. RNA was removed by incubating the cells with RNase A (100 μg/ ml, Sigma-Aldrich) and 0.25% (v/v) Triton X-100 at 37°C for 30 min. Cells were then stained with propidium iodide (PI) solution (50 μg/ml, Sigma-Aldrich) for 30 min at RT and analyzed on flow cytometer. Cell apoptosis was assessed using a FITC Annexin V Apoptosis Detection Kit I (BD Pharmingen, San Diego, CA, USA) according to the manufacturer's instructions.
Gene expression profile and quantitative PCR (qPCR) analysis
The Agilent SurePrint G3Human GE 8*60K Microarray (G4851B) that covers 26, 083 Entrez Genes (unique) and 30, 606 long non-coding RNAs (unique) was used to compare DEGs between MKN45-control and Ubqln4-overexpressing MKN45 cells. GO analysis was performed using the Database for Annotation, Visualization, and Integrated Discovery 6.7 (DAVID6.7, http://david.abcc.ncifcrf.gov/home.jsp). We chose the DAVID default set of whole genome background of Homo sapiens for the DAVID analysis. The KEGG pathway analysis was conducted using KOBAS3.0 (http://kobas.cbi. pku.edu.cn/) [44] . Total RNA was extracted from cells using TRIzol reagent (Invitrogen, USA). cDNA synthesis was conducted using the PrimeScript™ 1st Strand cDNA Synthesis Kit (Takara, Japan). qPCR was performed using SYBR® Premix Ex Taq™ II (Tli RNaseH Plus, Takara) and the ABI ViiA™ 7 Fast Real-Time PCR System. Primers used for qPCR procedure are listed in Supplementary Table S4 . Fig. 7 Ubqln4 functions as a tumor suppressor by regulating p21. Ubqln4 can activate p53, which results in induction of p21. In addition, Ubqln4 can also interact with and suppress RNF114, an E3 ligase of p21, which inhibits p21 degradation via the proteasomal pathway. The activation of p21 through different mechanistic pathways ultimately induces cell cycle arrest and/or cell senescence mRNA expression of target genes was normalized to GAPDH and calculated by the 2 −ΔΔCT method [45] . All qPCR experiments were performed in triplicate. Primers used in this study were listed in Supplementary Table S4 .
Protein extraction and western blot
Protein extraction and western blot were performed as previously described [41, 46] . Antibodies used are as follows: Ubqln4 (A333, 1:1000, Santa Cruz, CA, USA); p53 (DO-1, 1:1000, Abcam, Cambridge, UK); p21 (EPR362, 1:1000, Abcam); RNF114 (SM-3, 1:1000, Santa Cruz); Flag (3B9, 1:5000, Abmart, Shanghai, China); HA (C29F4, 1:1000, CST); GAPDH (D16H11, 1:3000, CST); and β-actin (8H10D10, 1:1000, CST).
Mass spectrometry
Flag-Ubqln4 HeLa cells were generated by lentivirus infection followed by puromycin selection as described above. FlagUbqln4 HeLa cells were cultured in 15 150-mm dishes (~3 × 10 8 cells per plate). Cells were rinsed three times with ice-cold PBS and scraped into a microfuge tube. Cells were resuspended in 5 × PCV (packed cell volume) of ice-cold Buffer A (10 mM HEPES pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 1 mM DTT, 0.5 mM PMSF, 1 × protease inhibitor cocktail). After incubation on ice for 10 min, the cells were harvested by centrifugation at 1000×g, 4°C for 10 min. The cells were resuspended in 2 × PCV of ice-cold Buffer F1 (10 mM HEPES pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 0.03% NP-40, 1 mM DTT, 0.5 mM PMSF, 1 × protease inhibitor cocktail) for 10 min to break the cell membrane. The mixture was then centrifuged at 1000×g, 4°C for 10 min and then 5 M NaCl and 10% NP-40 were added to the supernatant to a final concentration of 300 mM NaCl and 0.5% NP-40. This sample was recorded as Fraction 1. The cell pellets were then extracted with 3.5 × PCV of ice-cold Buffer F2 (10 mM HEPES pH 7.9, 50 mM NaCl, 1.5 mM MgCl 2 , 10 mM KCl, 0.03% NP-40, 1 mM DTT, 0.5 mM PMSF, 1 × protease inhibitor cocktail) for 5 min to further extract cytosolic proteins. Mixtures were centrifuged at 1500×g, 4°C for 10 min and then 5 M NaCl and 10% NP-40 were added to the supernatant to final concentrations of 300 mM NaCl and 0.5% NP-40. This sample was recorded as Fraction 2. To extract remaining proteins, the pellet was then extracted with 3.8 × PCV of ice-cold Buffer F3 (10 mM HEPES pH 7.9, 300 mM NaCl, 1.5 mM MgCl2, 10 mM KCl, 0.5% NP-40, 1 mM DTT, 0.5 mM PMSF, 1 × protease inhibitor cocktail) for 30 min. The final extraction was saved as Fraction 3. To purify Flag-Ubqln4-associated proteins from the prepared fractions, 30 μL anti-Flag M2 agarose beads were incubated with each fraction on a rotor at 4°C for 8 h. Mixtures were washed extensively with Buffer F3 and then washed three times with PBS. Proteins on beads were directly denatured with 8 M Urea Buffer (PBS with 8 M Urea) followed by mass spectrometry analysis. Prior to trypsinization, samples were diluted to final 1.33 M of Urea with 50 mM NH 4 HCO 3 . Trypsin was added at a protein:trypsin ratio of 100:1 at 37°C overnight. Peptides were then acidified by adding formic acid to a final concentration of 1% (vol/vol), pH 2-3, followed by loading onto balanced C18 STAGETIP. For desalting, peptides were washed twice with 1% formic acid and then eluted twice with 70% acetonitrile, 1% formic acid and then freeze-dried. The peptides were then dissolved in 2% acetonitrile, 0.1% formic acid for chromatography separation in an Eksigent NanoLC Ultra 2D Plus HPLC system (Eksigent, Dublin, CA, USA). Peptides were loaded onto a 75 µm × 150 mm fused silica microcapillary emitter (New Objective, Woburn, MA, USA) packed with 3 µm C18 resin (New Objective). Peptides were separated in a 60 min acetonitrile gradient from 2-35% (buffer A 0.1% formic acid, 2% acetonitrile; buffer B 0.1% formic acid, 98% acetonitrile). Peptides were then ionized in the positive ion mode by electrospray ionization (spray voltage = 2.2 kv) in a Nanospray III source (AB SCIEX, Concord, ON, CA, USA) and sprayed into a TripleTOF 5600 plus System (AB SCIEX, Foster City, CA, USA), a hybrid quadrupole TOF mass spectrum. For each sample, triple injections were applied. Tandem mass spectra were interpreted using ProteinPilot V4.5 beta against the human Uniprot proteome database appended with common contaminants and reversed-sequence decoys. Peptides and proteins were filtered with confidence corresponding to the 1% FDR. Protein summaries of each fraction were obtained from the Protein summary file exported from ProteinPilot V4.5 beta.
Co-immunoprecipitation
For Ubqln4 and RNF114 co-immunoprecipitation experiments, 293T cells were transiently co-transfected with pLVXFlag-Ubqnl4 and pLVX-HA-RNF114. Cells were harvested, washed with cold PBS, and lysed in a lysis buffer CF0.3 (30 mmol/l Hepes pH 7.9, 20% glycerol, 300 mmol/l NaCl, 0.5% NP-40, 0.4 mmol/l EDTA) supplemented with 0.5 mmol/l PMSF and 1 mmol/l DTT at 48 h after cotransfection. Immunoprecipitation was performed with mouse anti-Flag M2 affinity gel (Sigma-Aldrich). Proteins were further analyzed by western blotting or mass spectrometry.
Statistical analysis
All statistical analyses were performed using IBM SPSS STATISTICS V20_32bit software (SPSS Inc., Chicago, IL, USA). Data were displayed as mean ± SD. The Wilcoxon rank-sum test was applied to analyze discontinuous variables. Comparison between multiple groups was conducted using Kruskal-Wallis test. Student's t-test was used for statistical comparison between two groups. P-values < 0.05 indicated statistical significance.
